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SYNOPSIS 


I'his is a study of the effect on the fracttire ana 
strength of glass corqpositicaas in the systenis 
ll^O^-K^U and Si02-GaU-MgO-Na20-lS20’^ due to Che incorpora- 
tion of Bismuth ana silver aispersoids respectively. 

In the Bismuth glass series the Rupture Moaulus ana 
Young's Mouulus in henaing for bulk glass containing 
metal are higher than those of the base glass, ‘tensile 
strengths and Young's Moaulii of Bismuxh containing glass 
fibres are also higher than values for the base glass 
fibres. Strengthening is attributed to modulus enhancement 
ana flaw size limitation by the dispersions, 'thermo- 
mechanical mismatch is also expected to play a positive role. 

In the case of the silver glasses, there is no appre- 
ciable change in the modulus of the base glass uue to the 
incorporation of the metal, because the intrinsic Modulii 
of silver and the base glass are very similar. I'he rupture 
Moaulus for bulk, metal containing samples is higher than 
that of the base glass, 'i’his is due to thermomechanical 
stresses and also to flaw size limitation. The lensile 
strengths of fibres in this series are lower than that of 
the base glass. Optical microscopic evidence shows that 
whereas the crystalline phase is fairly regular in shape in 
the biilk silver glasses, in the silver glass fibres; the 



csrystalline phase shows up as sharp streaks parallel to the 
fibre axis, ana probably acts as stress concentrators. 

I'ransmission Elecxron Mcroscopy has been used to 
observe the micr os tract ure of glasses and glass fibres and 
also xo evaluate the shapes, sizes and volume fraccions of 
the aispersed phase. Attempts have been made to correlate 
observed mi cr os tract are with meastired mechanical properties. 

X-ray diffraction and selected Area diffraction in 
TEl'I have been used to identify the crystalline phase. I'his 
is Bismuth in the case of glasses in the Bismuth series 
and silver ana calcium magnesium silicate in the case of 
the silver series. 

Fracture surfaces have been studied by a two stage 
replica process to con^jare the fracture in the metal 
containing and the base glasses. I'he fracture surface is 
much rougher in the case of the metal containing glasses} 
this is attributed to the fact that the crack front follows 
a more tortous path in such glasses. Replicas also show 
the interaction of the crack front with the secona phase. 



Chapter 1 


INl'ROLUGiTOH 


There is an increasing aemand for high-performance 
materials for use in a very wiue range of applications 
ranging from military ana aerospace to hiomeaical ana 
interest has "been focussea on materials for limitea or 
prolongea use at high temperatures. Originally metals were 
in the limelight but it was soon aiscoverea that conven- 
tionally precipitation haraened metal alloys are not 
thermally stable and can unaergo coarsening at temperatures 
even well below the softening point of the alloy, thus 
leading to a decrease in mechanical strength, dispersion 
strengthened metals are founa to lack adeq.uate ductility 
at low ana intermeaiate temperatures and are consequently 
prone to catas'crophic failure. Metal matrix coir^osites 
reinforced with ceramic fibres are rather prone to thermal 
degradation due to differences in the matrix-reinforcement 
thermal expansion coefficients. Many glasses ana ceramics 
on the contrary exhibit fairly high strength and stability 
at elevated t emperaxuiTes combinea with a low density and 
chemical inertness. These are however brittle materials, 
subject to high notch sensitivity ana thermal shock ana 
fail catastrophically. It is in oraer to increase the 
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fracture toughness ana the strength of such materials, that 
ais Crete particles with suitable thermal expansion coeffi- 
cients ana elastic moaulii have been incorpora tea into the 
glass/ceramic matrix to act as barriers to cra,ck propagation. 

1.1 lispersion Strengthenea Glasses; Proauction 

uispersion strengthenea glasses can be proaucea in a 
variety of ways. ihe secona phase can be precipitatea 'in 
situ' by a suitable choice of alloying aaditions ana heat 
treatment ana also by controlling the furnace atmosphere 
curing the glass manufacture. Certain glasses can be inaucea 
to undergo phase separation to proauce amosphous matrix - 
amorphous second phase composites or can be partially 
crystallizea to form amorphous-crystalline composites. I'he 
latter includes low crystalline volinae fraction glass 
ceramics. Stanaard powder metallurgy methoas such as hot 
pressing have given rise to various glass/ceramic dispersion 
strengthened systems containing a fairly wide range of 
particle sizes and volume fractions of the secona phase. 
Metals like Au, Ag ana Cu can also be incorpora^ea into glass 
by adding very small amounts of the metal in the glass 
batch along with a small amounr of photosensitive nucleating 
agent ana then subjecting the glass to a nucleation treat- 
ment by irradiating with A-rays, y-rays or D.V. rays of a 
suitable wavelength followed by controlled heat treatment 
for their further growth. 




3 


1.2 theories of .uisperaion S'crenfitheninfi 

Glasses 'being brittle materials, once a crack is 
initiated in them, there is no resistance to its propaga- 
tion and consequently the failure o corn’s with no warning 
whatsoever. 'I'he focus was originally on proaucing stronger 
ana tougher glasses so that a higher fracture initiation 
stress exists at failure, but, nevertheless failure is still 
catastrophic. Since it is impossible to fabricate an 
absolutely flaw free brittle component, crack initiation is 
a 'built in' stage and the key to producing stronger and 
tougher ceramics ana glasses lies therefore in prolonging 
or arresting the crack propagation stage. 

Gupta^^^ has shown by means of a qualitative model 
based on thermodynamic criteria that stronger and tougher 
glasses can only be produced by resorting to multiphase 
systems as opposed to single phase ones. Ihe essence of 
stable crack propagation is that when crack arrestors are 
present in a brittle matrix, the energy demand curve for 
crack propagation is nonlinear in contrast to a linear 
demand curve for the ideal Griffith material. For a single 
phase homogenous brittle material, the energy demand is the 
same throughout the material and the crack initiation and 
propagation stages coincide* In multiphase materials there 
is however a distinct division in energy demand between various 
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phases so 'Ch.at the initiation ana propagation stages are 
Ois cinct. ihe secona phase stabilises a growing crack 
because when the crack encounters ihe particle it has either 
to cut through or detour arouna the zone ana the energy 
demand suddenly increases. Crack propagation will therefore 
be halted unless there is an increment in the operatinp 
siress. ihe toughness ana strength of such multiphase 
materials is thus higher than that of the single phase 
brittle matrix. 

uispersion strengthening of a continuous glass matrix 
has been attributed by Hasselman ana Pulrath^ to the fact 
that hara crystalline dispersions within the matrix will 
limit the size of the Griffith flaws thereby raising the 
stress required to initiate or propagate a crack, ihey 
diviaed the effects of dispersions on the size of flaws 
aisiributed throughout the bulk or surface of the glass into 
two regions. In the first, the average distance between 
particles is greater than the flaw size, a condition which 
is obtainable with suitable -volume fractions ana particle 
sizes of the secona phase. 

In this region, the size of an average flaw will be 
reduced according to the equation 

a = (1 - ^) (1) 

where a ana b .^ are the flaw sizes in the composite and glass 
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matrix respectively ana 0 = volume fraction of ai^ersea 
phase. 


( 3) 

Substituting this equation into the Griffith relation^ 
for the macroscopic strength of a flat glass plate contain- 
ing an elliptical flaw viz. 

So = (2) 

Y = surface energy or energy associated with the formation 
of unit area of the surface formed by fracture; B = nlastic 
Modulus of the system and a = twice the major axis of the 
ellipse, i.e. the flaw size. 

Substituting for 'a* from (1) into (2) ana rearranging 

gives 

S = Sq (1 - { 3 ) 

At higher volume fractions or smaller particle sizes, the 
flaws as given by (2) will be larger than the average 
distance between particles which means that the flaw size 
is now governed by the mean free path between the particles. 
I'his is region II. An expression for the mean free path 'A* . 
between spherical particles of uniform radius h aistributed 
statistically through a matrix takes the form 



( 5 ) 
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A plot between strength ana reciprocal square root of mean free 
path snoula ’Chereiore De pracxically noriaontal ax high values 
of mean free path ana shoula show a change in slope at the 
point where mean free path equals the original flaw size. 
I'hereafter as the mean free path ae creases farther, the plot 
shoula follow a straight line xhrough the origin. 

lange^^^ postulated a different model to account for 
dispersion strengthening of glass. His model is based on 
the fact that a crack front possesses a line energy and 
tenas to bow out between the second phase dispersion while 
still remaining pinnea at all positions where it encounters 
the dispersion, ihus, during the initial stage of crack 
propagation, both new fracture surface and the length of the 
crack front is increased due to its change in shape between 
pinning positions and the fractional increase in crack 
front per unit crack extension will depend on the particle 
spacing. Catastrophic failure occurs when the crack front 
just breaks away from its pinning positions and the fracture 
energy depends not only on the amount of energy req.uired to 
form new surface area but also on the spacing between the 
dispersed second phase. This is represented in the equation 



G = amount of energy required to extend a crack by a unit 
c 

length," = surface energy of the material/unit area, 

T = line energy per unit length of crack front and A eq.uals 
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aistance between secona phaBe dispersions. 

‘xhe strength of a material S fC (irwin 1958) (7) 

Ihus the strength of a composite containing a second 
phase dispersion is inversely proportional to the square 
root of the aistance between the secona phase aispersion. 

jjisporsion a trong-t honing ma 5 '' also bo lookea at in the light 
of elastic moaulii, ihermal Expansion Coefficients ana 
Thermo -Me chani cal stresses. 


Load sharing occurs in a aispersion of a higher modulus 
secona phase in a lower moaulus glassy matrix. If the 
components in the system share the appliea loaa in propor- 
tion to their elastic moduli!, the strain in all components 
in uniaire ctional tension will be the same or in other words 
the matrix and the secona phase defona to the same extent. 
Then 


ana 


O' /e = a /B = 
p' P b ' 8 

fjj Eg 


giving by rearrangement; 


( 8 ) 


where subscripts p, g and T refer to the second phase, the 
glassy matrix and the composite system respectively. Sub- 
script f refers to conaitions at fracture. This mechanism 
aepends on an effective stress transfer to the aispersea 
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piigse; which req.iaires that the bonaing between the dispersea 
phase and the matrix shoula be very strong. 

( 5 ) 

Borom put forward the theory that thermomechanical 
mismatch between the secona phase and the glass matrix gives 
rise xo a state of variable coir5)ressive stress throughout 
the matrix, which would oppose crack propagation, ihe 
development of a variable con^ressive stress in the glassy 
matrix can be visualized by consiaering the stresses for the 
case of a single particle of a high expansion coefficient 
material cooled from a high-temperature zero-stress state in 
a lower expansion coefficient matrix. 'The particle is in a 
state of hyaro static tension ana the matrix experiences at 
ihe interface, hoop compressive stresses ana radial tensile 
stresses which decrease as the distance from the interface 
increases. 'The boundary conditions for the stress distribution 
in the above concentric sphere case reqiiire that the radial 
tensile stresses decrease to zero at a free surface but the 
hoop eompressive stresses do not. In a low-expansion matrix 
containing a random dispersion of high-expansion spheres, the 
radial tensile conponent need not decrease to zero between 
particles but, due to interaction with the higher and more 
gently decaying hoop conpressive stress from an orthogonally 
positioned pair of particles, the raaial tensile cou^onent 
can be reauced or even reversed in sign. Such an interac- 
tion would thus create compressive stresses in the glass matrix. 
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‘ihe shape of the secona phase particles woula also affect 
xhe strength of The coitjiosixe. bpherically snapea parTicles 
have the lowesT stress concentrating effect, whereas aaversely 
shaped particles with sharply pointea aimensions could act as 
very effective stress concentrators. 

Ihe net effect of the second phase particles is thus a 
combination of a variety of factors such as Slasiic Itoaulii, 
i'hermal Expansion Coefficients, shape size ana volume frac- 
tions of the uispersed phase, original flaw size in the glass 
matrix, interfacial bonaing ana the existence of resiaual or 
localized stresses, fhe maximum strength attainable by 
particle reinforcement is generally only 2-5 times that of the 
unreinforced matrix. 

1.3 G-lasses Containing Bismuth ana Silver 

{ 6 ) 

Silver has been grown' by subjecting a glass of 
composition 71.5 SiCg? 23.5 Na20, 4 JU.2O5? 1 ZnO, 0.02 Ce02 
(phoTO sensitive nucleating agent) ana u.uo2 AS ^ all weight 
percents) to irradiation with W light and then to a 
controlled heat treatment to get silver particles of about 
160 f size which are spherical in shape. 

( 7 ) 

Keshavaram has stuaied some mechanical properties 
of glasses containing silver incorporated due to the aaai- 
tion of Ag2^^4 original glass batch. Classes in the 



10 


system SxU containing 4 eJoa 6 
mole AggO were founa to exhibit strengths of about tuc to 
tlxree times that of the corresponuing glass matrices, 
iransmission electron micrographs of such glasses reTealea 
dark droplets of almost spherical shape distributed statisti- 
cally in the glassy matrix. Sizes of the particles were 
measureu to lie between 450-1200 £. 

Chakravorty, Vithlani and Mehta^^^ have studied the 
Self Lif fusion coefficients of sodixan for glasses in the 
system Na20-B20^-“Bi20^-Si02 and have also studied their 
h.C. resistivities in the same range.. of temperature, fhe 
glasses were found to have a micro structure consisting of a 
distribution of droplets of an electronically dense phase 
in the glassy matrix. From correlation factor studies, they 
concluded that the droplet phase does not consist solely of 
Bismuth, but also contains some Alkali ions. 

Electrical and switching properties of various other 

(9) 

glasses containing Bi2t>5 in the systems Na20-Bi20^-B20^'‘ ' , 
Na20-Gaf-Si02-Bi203^^'^^ and been 

studied, and in all cases similar micro structures have been 
observed. 

Bismuth and silver can be incorporated faxrly easily 
(even though silver is rather prone to coagulation) into a 
variety of glass matrices, giving rise to glass -crystal- 



11 


composite systems. Volume fractions and particle sizes of 
Che aispersed phase can he variea by preparing glasses 
containing different amounts of or Bi^O^ ana/or by 

controlling the melt conditions. 

1 . A Glass Fibres 

I'he theoretical strength of glass is 10^ psi, but 
strengths achieved in practice are known to be less than a 
hundredth of this value, this is because the strength of 
glass depends almost entirely on the condition of the 
surface and particularly on the presence of stress-concen- 
trating features of both a microscopic ana a macroscopic 
nature. I'hese could be holes, notches, steps or changes of 
section, inclusions etc. Por glass, 'the apparent racio of 
strength of fine glass fibres to that of bulk glass is about 
50 jl. Griffiths in 1920 sijggested that the surface of bulk 
glass contained innumerable small flaws of average depth 5p. 
which acted as stress concentrators. In fibres, such deep 
flaws are not possible and the possibility of encountering 
them would decrease as the diameter of the fibre aecreases. 

The surface area of a fibre is also very much less than 
that of bulk glass ana consequently the density of flaws is 
also correspondingly much less. Again, auring the drawing 
process, pores and gas bubbles get elongated into capillaries 
along the central line of the fibre (leaving the surface free) . 
and their stress concentrating effect is reduced. 
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In fibres subject to uamage by abrasion, the 'size' 

effect IS aue entirely to the fact that flaw aensity 

increases with increasing, surface axea. I'his fact was 

( ip) 

establishea conclusively in I960 by ihomas, who showed 
that an unabraaea or 'virgin' fibre aia not show any appre- 
ciable change in strength over a wine range of aiameters. 

Fibres drawn from silver containing glasses were shown 
by Keshavaram to exhibit a slightly higher strength than the 
fibres of the corresponding base glasses. 

l‘he major application of glass fibres is in composites. 
I'he most extensively used fibres are that of 'E' glass and have 

5 

a virgin tensile Strength of 5 x 10 psi and a Modulus of 
Elasticity of about 10.95 mpsi. 



OBJECTIVES OF STUbY 


To incorporate Bismuth and Silver dispersoias into 
glass systeics '6xi>^-Al^0^-B^0^-K^0 and SiO^-na^O-CaO- 
Mg 0 -As 20 ^ respectively. 

To draw fibres from all the metal containing aha base 
glass compositions. 

Measurement of Hupture Moaulus and Young's Modulus 
in bending for all the bulk glasses. 

Study of Tensile strength and Young's Modulus of 
fibres drawn from all the compositions. 
b'TA studies to observe the effect of metal additives 
on the glass Transition Temperature of the base 
glass . 

Transmission Electron Microscope studies to determine 
the microstructure of all the glasses and the glass 
fibres and to correlate measured mechanical properties 
with observed microstructure. 

Optical Microscope studies on crystallized glasses 
and glass fibres to observe shapes, sizes ana 
voLume fractions of -che crystalline phase. 
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(8) Z-ray i^iffraction studies on crystallizea bulk glasses 
and glass fibres to identify ihe crystalline phase. 

(9) Fracture surface replica studies to compare the 
fracture of the metal- containing glasses with that of 
the base glasses and to stuay che interaction of the 
crack front with the oispersea phase. 



Chapter 3 


EXPERimi-jO; 


3.1 Preparation of G-lass 

Nine glass coirpo sit ions in all were stuuiea ana are 
listen in iahle 3.1A. Eeagent graae chemicals were usea in 
their preparation. £2^' CaO were adhea as their 

carbonates, was aaaed as Ag2S0^ ana $20^ was taken in 

the form of Requisite quantities of batch powaers were 

weighed out in an analytical balance transferred to a mortar 
and mixed thoroughly with the aid of Acetone. 

In each case the batch was melted in alumina crucibles. 
An electrically heated 'globar* furnace with a maximum attain- 
able temperature of 1450° G was employed for the melting of 
the Bismuth containing glasses and an Alumina lined gas fixed 
furnace capable of withstanding temperatures up to about 
1700° C was used to melt the silver containing glasses as well 
as the corresponding base glass compositions. An oxygen-Indane 
gas mixture was used as fuel in bhe gas fired furnace whereas 
the globar furnace melting was carried out unaer ordinary 
atmospheric conditions. In both cases, the heating rate was 
kept fairly slow uptil 1800° C, partly to avoid cracking of 
the crucibles due to thermal shock and partly because gases 
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like COgj SO^ and H 2 O are given out in this range of temp- 
erature. Glass melts were stirred from time to time with 
an alumina roa, partly to remove hubbies ana partly to 
juage when the casting consisting was reached. Achievement 
of bubble free glass was found rather difficult in the case 
of the Bismuth glasses, as they tena to corroae the crucible 
if kept at high temperatures for fairly long periods of 
time. It was also founa to be very aifficult to prevent 
the coagulation of silver during the melting of the silver 
containing glasses. In all cases, tne glasses were cast 
onto Aluminium molds to slabs of dimension 20 cm x 4 cm x 1 cm 
and then annealed slowly from a suitable annealing tempera- 
ture (fable 3.1h) up to room temperature. 

3.2 Conversion of Bulk Glass to Glass Pibre 

Pibres were drawn from all the nine glass conapositions 
in a resistance heated glohar furnace. with a maximum attain- 
able ten^erature of 1550°C. I'he rates of heating and cooling 
were kept to within 150° C/hour. The shape ana dimensions 
of the single hole high Alumina Bushing employed for fibre 
drawing are shown in Pig. 3.2. The diameter of a fibre 
of a given con 5 )osition depends on various factors such as 
Bushing temperature. Bushing -tip temperature, Head of glass 
in the bushing, fibre winding speed, diameter of the nozzle 
of the bushing, Bushing design etc. The shape ana size of 
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the bushing usea was the same in all cases ana so also the 
nozzle axanieter. ihe bushing was tilled with glass up to 
3/4 of its total height in the case of the hismuth glass 
series whereas only a quarter fillea bushing was used for the 
silver glasses. Pibre drawing tenperatures and winding 
speeds were so manipulated as ro get fairly fine fibres in 
all cases, furnace temperatures curing drawing r-anged 
from 960°G to 1340*^0, fibre diameters are in the range 
5 pm-ll[j,m except in the case of Glass 6 for which the range 
is S-15 p.m. Winding speeds varied from 2666.3 - 2912.4 
ft /min. fibre drawing parameters are listed in fable 3. IB, 

« 

3.3 Ultimate 1‘ensile Strength and Young’s Modulus of fibres 

In the case of the Bismuth glasses, the untouched 
filaments or ’virgin' fibres between the bushing anu the 
winding arum were mounted for testing during the drawing 
process itself. A few 'off the arum' fibres were also 
tested to see whether there was any appreciable change in 
strength between the two. In the case of the silver glasses, 
only 'off the drum' fibres were tested. 

fairly stiff, smooth rectangular bits of paper of 
width 1.5 cm, thickness 0.5 mm and lengths of about b.O cm 
more than the test gage length of fibres were used as 
fibre mounts. oval slor of about 1.2 cm semi minor axis 



18 


ana a length exactly equal to the test gage length of fibres 
ana parallel to the length of the mount was cut in the 
centre of each mount. The fibres were then mount ea in a 
line through the centre of each slot and parallel to the 
length of the slot. Quick fix was usea at the mouths of the 
oval slot to hole the fibre firmly to the mount. The extra 
lengths of fibre extending for about 3 cm beyond the slot on 
either side were fixed to the enas of the mounts by using 
cellotape. These extra ends were used for aiameter measure- 
ments in cases where the bits of fibre remaining within the 
gage length after breaking were too small to be of any use. 
The mounts were stored by suspending them vertically from 
a round circular stana which just fitted into a dessicator. 
Since fibres could usually be tested only a day or so after 

mounting, this ensured that in the meantime the fibres were 

> 

protected from attack by moisture and dust particles ana also 
from further abrasion. 

The Instrcn was used to break the fibres in tension. 

The loan cell used had a range 0-5 0 gms with a least count 
of 0.1 gm. A uniform chart speed of 2 cm/min was usea 
throughout. Two cross head speeds were tried out, one of 
0.02 cm/min and the other of 0.05 cm/kln. Gage lengths 
tested were 2.0 cm ana 5 . 0 cm respectively. 

The Instron was first calibrated ana then the fibre 
mount was suspended freely from the upper grip of the machine 
and adjustment was made for the weight of the mount. The 
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fibre mount was then firmly gahLppea between the two grips 
of the Instron ana the loan was then aUjustecL to a suitable 
reference zero. I'he siaes of tne mount were then cut 
carefully, leaving the fibre intact so that when the cross 
heaa was made to move, the fibre took up the entire loan. 
Fibres were pulled to breaking ena the breaking loads were 
read off directly from the Instron chart. Strains were 
obtainea by use of the following equation: 


Strain 


Cross Heaa Speea x limg iaken for bre a kin g 
Original gage length of the fibre 


Cross Head. Speed x fotal Instance Covered by Chart 

(9) 

i'he diameter of the fibres were measured after breaking. 
I'wo different instruments were tried out for this purpose -- 
A reflected light optical microscope and a horizontal ’Sheffield’ 
Accution. Fibre aiameters were measured at a magnification of 
15'jX in the optical microscope using a calibrated eyepiece 
capable of reading up to 0.196? Since fibre diameters 

were measured in air ana not in a medium of s\iLtably contrasting 
refractive index, diffraction bands were obtained on either 
side of the fibre. I’hese banas had to be included in the 
diameter of the fibre as it was intpossible to distinguish 
where the fibre enaed and the diffraction band began. 


Upto Point of Breaking 

Chari speed x Original gage length of fibre 
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A oheffi,eia horizontal Accutron was also usea to 
measure fiore aiameters. i'he Accutron was first calihratea 
by using stanuara slip gages ana then the pointer on the scale 
was aa justed to zero with the tips of the horizontal measur- 
ing uevice just touching each other. The fibre was then 
introaucea between ihe two tips ana their resulting separa- 
tion was read off directly on the graduated scale to 
accuracy of u. 00001" or 0.2540 pm. Por fibres fatter 
than about 10.2 pm, the scale was switched to the next 
higher one which coula read diameters up to 20.3 pm with 
a least counx of 0.508 pm. 

Between 12-20 fibres were tested of each composition 
and the ultimate I’ensile strength (UiS) was calculated in 
each case, fhe Young's modulus was obtained by dividing 
the ultimate fensile Strength of each fibre by the strain 
as obtained from equation ( 9 ) • hesults are presented in 
the 'tabular form ara also in the form of Histograms. 

3.4 Bupture Modulus and Young's lyibdulus in Bending of 
Bulk Gf-lass 

the rectangular slabs of glass of dimensions 20 cm x 
4 cm X 1 cm were sliced (parallel to the width of 4.0 cm) 
into slices of width about 1.0 cm using a hiamona tipped 
wheel, these rectangular slices were then ground down to 
dimensions of about 4.0 cm x 0.5 cm x 0.5 cm using in 
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succession. SxC of mesh sizes 100 ana 240. After the ai^en- 
sions were thus reaucea, rough polishing was carriea out with 
SiC of mesh sizes 400, 600 ana SOO in that oraer. Ultima- 
tely powaer of 0.3 pm size was usea to in^art an 

Optical finish to the glass surfaces. 


Cl‘-3 strain gages (Rohits Co. India) of resistance 
122 ohms and gage factor 1.96 were then affixed (one to each 
glass slab) to a surface of the polished slab using BJi-4 
strain gage cement. After fixing, a 1.5 Kg weight was kept 
firmly pressed onto the strain gages for at least 24 hours 
to ensure a strong bonding, long strain gage wires were 
then soldered to the strain gages. I'he samples were then 
broken by 3 -point bending in a jig of the type shown in 
fig. 3*4« iEhe modulus of rupture of the rectangular beams 
for centre loading was then calculated using the expression 


^f 


I !£: 

^ bd^ 


( 10 ) 


where = breaking load or force, L = span or distance 
between the two outer (knife) edges of the jig, b = width 
and d = thickness of the bar. Ihe stress at any load P can 
also be obtained from the above expression. 


for determining the Yoxmg's Moaulus in bending, the 
strain gage attached to the setmple was connected in a 
quarter bridge circuit and strains were read off at load 
intervals of 2.5 Kg (or less) in the load range from zero 
load to breaking load in a Budd P350-A Model Strain Indicator. 
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Stresses were calculatea at every 2.5 Kg Cor less) loau 
interval ana were then plotted against the corresponaing 
strains as read off on the strain inaicator. the slope of 
the plot gives the Yorng’s ?J 0 dulus in Bending in each case. 

An average of about four specimens of each composition were 
tested and the mean values of the Ultimate lensile Utress 
(UiS) ana the Young's l^fodulus in Bending were calculated 
for each composition. 

5.5 Mcrostructure of Blasses and glass Bibres by 
I'ransmisslon Electron MLcroscopy 

I'o prepare samples for I’BM studies from Bulk glass, the 
surface of a slice of glass was cleaned thoroughly with 
Acetone and then scratched with a fine tipped caamond 
scratcher. Very small wedge shaped particles were thus 
obtained and a few of these were transferred onto a 200 mesh 
copper grid coated with a carbon layer about luO-200 £ 
thick. ihe thin edge of the wedge shaped particles is about 
100 £ thick and was found to be transparent to the electron 
beam. Ihe sample containing grid was then coated with 
another layer of carbon of about the same thickness, 'the 
carbon films provided a mechanical si:g)port to the glass 
particles and prevented them from falling off the grid into 
the BM column. They also served to conduct heat away from 

the glass particles which are very poor conductors of heat- 




I'he gria containing glass particles sanawitchei between two 
layers of carbon was then stuoieO. by i'EM. 

5or fibre scuaies, a bunch of glass fibres was powaereb 
in an agate mortar to 325 mesh size ana a pinch of fibre powOer 
was aauea to about 10 cc of aistillea water in a clean test 
tube. I’he test tube was subjected to ultrasonic shaking for 
about 2 minutes to disperse the powder, ' It was then left 
undisturbed for 5-10 minutes to allow the heavier particles 
if any to settle down. a arop of the milky top solution 
was pipetted onto a carbon coated grid and was allowed to 
dry. Another carbon layer was then coated onto ihe powder 
just as in the bulk glass sample. I'his method of preparing 
fibre sanples gave a uniform dispersion of fine particles 
throughout the grid. 

Micro structural details were photographed in the I'EM 
and SAb patterns were also recorded to study the crystalline 
phase. 

Photographs of micro structure were used to measure 
particle sizes and volume fractions of the dispersed second 
phase. 

3.6 Preparation of Practure Surface Heplioas for i'EM Studies 

A two-stage replica technique was adopted for studying 
the fracture surfaces of the metal containing and the base 
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glasses. I'he fractured surface of the specimen was cleaned 

thoroughly using jil Acetone. A square of cellulose Acetate 

based replicating tape cut to dimensions slightly bigger 

than those of the fraccure surface was dipped carefully into 

one 

11 grade Acetone such that only/surface touched the Acetone - 
I'he sticky siue of the replicating tape was then pressed 
down carefully and firmly onto the fracture surface. After 
about fifteen minutes the edges of the tape sticking out 
heyona the fracture surface were trimmed ana the entire 
section of tape was lifted carefully off the fracture surface 
with the aid of a strip of cellotape. ihe strip of cello- 
tape with the fracture replica facing upwards was fastened 
firmly onto a thoroughly cleansed glass slide. A layer of 
G-old about 50 2 . thick (just sufficient to impact a faint 
bluish tinge) was then evaporated onto the glass slide at 
an angle of about 5-10. Immediately afterwards the slide was 
coated with a 150-200 2 thick carbon layer, ihe coated 
square of replicating tape was then cut out and lifted 
away from the cellotape. I'he square was then quartered ana 
each of the quarters were transferred to a dish containing 
nl grade Acetone. After about half an hour the plastic 
dissolved ana the carbon coated gold film floated on the 
surface. ‘I'hese films were then fished out and transferred 
to fresh SI grade Acetone in. another dish. After another 
half hour when no plastic was left adhering to the film, 
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it was liitea out on a 200 mesh copper gria, ariea for a 

few minutes and then stuuiea unaer the iJiM. A 60 hV heam 

» 

potential was used for all samples as ii^ was founa to give 
a good contrast. 

3.7 X-Hav liffractjon Studies of Crystallised Glasses 
and Crystallised Glass Pihres 

Some of the glasses and glass fibres were suspected to be 
crystallized and then X-ray diffraction patterns were 
studied in order to identify the crystalline phase present. 
Each of the crystallized glasses and glass fibres were 
powdered separately in an agate mortar to a fine powuer 
of particle size smaller than 325 mesh. I'his powder was 
mounted on a perspex mount in the case of glasses 7 and 6 
respectively and on a clean glass slide in the case of glass 
5 and glass fibres 5 and 7. I’he samples were scanned in the 
diffractometer from 20° to about 80°, using CuE^ radiation 
of wavelength 1.5406 2 R . I'wo different c.p.s. were used, 
one of 100 and one of 500. Angles at which well defined 
peaks occurred were noted down in each case and the corres- 
ponding ’d' values were calculated from the Bragg equation 

2d Sin e = 

n = an integer, here taken as unity 

AX= Wavelength of X-ray radiation 

© = Bragg Angle 

d = inteiplanar spacing. 
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!i'h.e 'a* values and the relative intensities oi obseived peaks 
were tren comparea wixh stanaara aata from che a. . f . m. 
tables in order to iaentify the crystalline phase. 

3 . 8 Mcro structural Stuaiee by Optical tecroscopY 

CTstallised glasses ana glass fibres were stuaiea 
under a reflected light optical microscope. 'i'he glass 
fibres were focussed at a magnification of 7501 when xhe 
cr-ysialline phase showed up as bright streaks along the 
length of the fibre. Photographs were taken at a camera 
magnification of l/3rd the microscope magnification with 
ezposinre times of 2, 3 ana 5 secs respectively. Optimum 
contrast was obtained with the 5 sec exposure. 

Poi crysxallised bulk glass studies, the glass surfaces 
were polished down to 0.3 pm surface finish and then etched 
for a suitable length of time in a 5Y, HP solution for a suita- 
ble contrast. Photographs were taken with exposure times of 
2, 3 and 5 secs respectively at a microscope magnification 
of 300X. Camera maghification was lOOx. 

Whei-ever possible, the volume percent of the crystalline 
phase was computed from the photographs by using the point 
counting technique. A transparent graph sheet was pinned to 
the photograph ana the no. of intersection of the graph 

paper which coincided with the crystalline phase were noted. 
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The total number of intersection points in that area of 
the graph paper were also noted, ihe percent volume of 
crystallization was then obtained from the expression, 

Percent volume crystallization = ^ x luO 

where n = number of intersection points in the selected area 
of graph paper which coincide with the crystalline phase. 

K = Total no. of intersection points in the selected 
area of graph paper. 

3.9 Lifferenti^ The:mal .AnalYsis (LTA). Thermo gravimetry (TGr) 
ana -Uerivative ThermograV^metry (1>TG) 

L'x'A measures the changes in heat content as a function 
of difference in temperature existing between the san^le 
under investigation ana a thermally inert material taken as 
a reference compound, che two being heated at a fixed rate, 
simultaneously. TG- measures the changes in weight of the 
sample under investigation as it is heated at a predetermined 
rate. The ITG technique consists of measuring 'che rate of 
weight loss of the sample as it is heated at a specified 
rate. The DTA, TG ana dTG curves for all the nine glasses 
have been recorded in a ’Mbm herivatograph* . 

Samples were prepared for PTA, T& and j/TG by crushing 
the glasses to particles of a size between ^-14 to +20 mesh, 
a size range which has been reported in literature as being 
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large enough to avoia surface crystallization, i'he glass 
particles were then mixea with fine ^ powaer in the 
ratio of 7:3 "by volume to preventing their getting 
sinterea curing the rim. the glass samples were run at a 
heating rate of lO°C/min in the temperature range from room 
temperature to lOOO^C. In most cases, a high sensitivity 
of 1/5 had to he used in uiA to clearly aistinguish the 
Glass Transition temperature representea by the first dip in 
the curve. 



Chapter 4 


RESULTS 


4.1 -uiff eren.~cial Thermal Aiaalysls of Grlasses 1 to 9 

The glass transition temperatures for glasses 1 to g 
as indicated by the first dip in the n'i'A curve are shown in 
Figs. 4.1A and 4 . IB and are tabulated in" the table 4-1. 

The introduction of Bi20^ or Ag^O into the glass batch 
is generally seen to lower the glass transition temperature. 
The lowering ia more in the silver containing glasses than 
in the Bismuth containing ones. 

4 . 2 Ultimate Tensile Strengths and Young’s Moduli! of 
Glass Fibres 

The Tensile strengths and Young's Moduli! of 12-27 
fibres of 2.0 cm gage length in each of the nine glass 
con^jositions are recorded in the Tables 4-201 to 4 . 209. 

They are also plotted in the form of HistograB© in Pig. 4*21 
to 4 . 29 . The diameters of the fibres have been measured 
using the Accutron. 

Table 4*210 shows the Ultimate Tensile Strength and 
Young's Modulus values for fibres of Glass 9 using values of 
diametered measured by the Optical Microscope. C^tical 
Microscopic data gave a Young's Modulus of 6,3 n^si as 
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against the value of 10.02 mpsi obtainea for i-he same fibres 
using Accutron neasurea aiameters . 

It was observed, that the strengths of fairly fine anu 
relatively fat Bismuth containing glass fibres of the same 
C0]i5)osition differea very litule from one another. Again 
'off the drum metal containing glass fibres showea th-.^ same 
strengths as the untouched fibres of the same glass coiij>Ofc,i- 
tion wiih the same diameter. In order to verify whether 
this effect was due to xhe presence of the metal or not, 

5 . 0 cm gage lengths of fibres of glasses 7 ana 9 were testea 
tinaer identical conditions and the lensile Strengths and 
Young's Moaulii so obtained are tabulated in fables 4.211 
and 4.212 respectively. 

I'he decrease in the average strength of the 5 . 0 cm 
gage lengths fibres of Glass 9 as coir 5 )ared to that of the 

2.0 cm gage length fibres of the same con^josition, tested 
in the same way, is 

The corresponding aecrease in the strength of fibres 
of Glass 7 is seen to be only 19.1*1. 

4 . 3 Rupture Modulus and Young's Modulus in Bending of 
Bulk Glasses 

The Rupture Moaulii and Young's Moaulii in Bending 
of bulk glasses, 1, 2, 4 , 5, 6, 7, 8 and 9 are tabulated in 
Tables 4.31 and 4*32. Glass 3 had a very high level of 
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porosity ana therefore values obtained for xhis glass are 
not tabulated. 

Rupture Moaulii ana Young’s Moaulii of the Bismuth 
containing glasses are higher than those of the corres- 
ponding base glass. In the silver senes, the Rupttre I'iOaulii 
of the metal containing glasses are higher than that of the 
base glass, but the Young's Moaulii do not show any appre- 
ciable change. 

The values of E-j^ q.uotea in the Tables 4.31 ana 4.32 
are calibrated ones. Calibration has been done with 
respect to A and C glasses of known values which were 
broken under exactly identical cauditions. Care was taken 
to keep the same level of strain in the A and C glasses as 
in the experimental glass compositions. 

Eig. 4.31 has been included to show how has been 
obtained from the stress values as calculated from the 
Instron chart and sample dimensions and the strain values 
as obtained from the strain indicator. It also gives some 
idea of the level of strain in the sample for a given 
applied load. 

4.4 Z-Rav JDiffractjon Analysis of Glasses and Class Eibres 

Bulk Glasses 7 and 6 were found to give 4-5 peaks 
in the 2-ray Diffraction pattern. The angles corresponding 
to the peaks and the relative heights of the peaks were 
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used to calculate and I/I^^ values for these glasses. 

Ihe values are tabulated in the I'ahle 4-41. A. 
tables for silver and calcium magnesium silicate are shown 
in the I'able 4.67* I'be d^j^ ana l/l^ values for these 
bulk glasses are seen to compare very favourably with those 
for silver. Some of the values are also seen to he 

similar to those for calcium Magnesium Silicatej althcu^^h 
here the corresponaence is not as good as in the case of 
Silver. 


I'he X-ray diffraction of fibres of glasses 3, 6 and 7 
were stuaied but only those of glass 7 gave peaks, l/lj^ 
and d ^j^i values for these peaks are also shown in the 
fable 4.41. Values of d ^^-^ are in fairly close agreement 
with those for silver. , ^ 


X-ray 'diffraction patterns for glasses 6 ana 7 ana 
glass fibres 7 are shown in figures 4.41, 4.42 ana 4*43 
respectively . 


4.5 I&cr ostructure by Optical MLcroscopy 

Glasses 5, 6 and 7 and glass fibres of glasses 5, 6 
and 7 were studied under the optical microscope using 
reflected light, fhe crystalline phase in glasses 6 and 7 
showed up as small, fairly regular shaped particles, at a 
microscope magnification of 300r. Photographs were taken 
after subjecting the glass surfaces to a suitable etch 
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treatment, but still showed a very poor contrast. The 
crystalline phase in the glass 5 showed up only very vaguely 
in the microscope ana was not photographed. 

The percent volume fraction of the cryatallizea phase 
in glass 6 was confuted from the photograph 4.51 ana is 
about 47.8. The average particle size is about 22 pm. 

The ccaatrast in photograph 4.52 for glass 7 is too poor to 
make any reliable measurements but the volume fractions 
•and particle sizes of the dispersed phase when seen airectly 
under the microscope appear to be very close bo those for 
glass S' 

The crystalline phase in fibres of glasses 5, 6 and 7 
shows up as bright streaks parallel to the fibre axis 
(photographs 4.53 to 4.55). It is not possible to estimate 
the volume fraction of the crystalline phase from these 
photographs, because at a particular focus of the microscope 
only a few streaks are visible in a given length of fibre. 

On slightly altering the focus without moving the fibre, 
the streaks already present fade away ana others come into 
VI ew. 


4.6 MLcrostructure of Grlasses and Glass fibres by TEM 
Studies 

The microstructure in the Bismuth containing glasses 
ana glass fibres, consists of spherically shaped, electro- 
nically dense droplets distributed in the glassy matrix. 



34 


'Ihe volume fractious as calculatea from the iracrograplis 
4.601 to 4 . 607 are tabulated in the table 4.61 and rajage 
from about 26 percent to 42 percent. Ihe average size of 
uhe aispersed spheres ranges from 9?! to 513 In the 
silver containing glasses and glass fibres, spherically 
shaped particles were not observed in all cases. Generally ? 
in this series of glasses, patchy regions were observed. 

Typical microstructures in silver glasses and glass fibres 
are shown in photographs 4 .SoGto 4.613. 

S.A.D. photographs 4.63.? "fco 4.619 were taken to 
identify the crystalline phases present in the glasses and 
glass fibres. Ihe phase is Bismuth in the case of the 
Bismuth glasses ana glass fibres ana Silver and Calcium 
Magnesium Silicate in the case of silver glasses and glass 
fibres (Tables 4.62 to 4.67). 

S.A.h. photographs were usually obtainable directly 
from certain patchy regions. The spherical regions generally 
gave only very feeble spots on the screen, but on subjecting 
these regions to electron beam bombardment in the EM, for 
a fairly long period of time, coagulation occurred to give 
patchy regions which showed intense diffraction spots. 

4,7 Eracture Surface Replicas 

Fracture surface replicas of the metal containing and 
base glass con^iositions are shown in photograpiis 4.7Ca.to 4 . 710. 



Photograpils 4.70Z. to 4.704 show the increase a 
fracuure surface roughness of metal containing glasses avS 
comparea to those of the base glasses as seen in photographs 
4.705 to / .708. 

J 

Heplicas of some of .he crysta llin e glasses in the 
silver series show fracture steps formed by the interacticai 
of the crack front with the dispersea phase, ihis is seen 
in photographs 4.709 and 4.710 . Such steps were not observed 
in the base glass replicas. 
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5 . 3- Gurves ; 

;[n j'eneral, the DTA cuwee reveal that the glacs 
tr'-i.-iSition temperature of the bcvse glass i:* lo^Jered. rhon 
Ag20 added to it. This is probably because 

these oxides act as network modifiers and render the glass 
network less rigid j thereby al-tering the viscosity of the 
glass. This change is reflected in the lowering of T_ and 
also in the fact that the metrl containing glasses are found 
to be more fluid at any gj.ven bemperatura above the liquAdus 
temperature, than the correiSp ending base glass. 

The lowering of T is seen to be more for the silve-” 

o 

containing glasses than for the Bismuth based glasses. 

5 • ^ Jl t imate_ Tensile Str_en^'lbh_ an d You n g ’ s hpd ulus of Fibres 

The Tensile Strengths and Young's Hodulii of Bismuth 
Gonta,ining glass fibres are seen to be higher than those of 
the corresponding base glass. The base glass in this series 
is a low modulus glass, having a modulus of only 5.5 mpsi, 

VWt JKiftricA 

The modulus of SaeBBewsbii is probably higher than this value, 
which would account for the increase in. Young's Modulus of 
the base glass when 212 ©^ is added to it. 
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■The Tensile Strongthr ox the fibres of ^lla-sses 1, 2,3,4 

ann 3 o'-e recpectively about (3.,0, 1.5, 1.2, 1.9 and 0.8)sl0^ psi 

Theiv Yniong's Plodulii are respectively 6.4, 8.0, S.O, 9.7 and 

5.3 m:iai. 7hen these values of a and ^ are substituted into 

the equation (8); va.lues of o- obtained in each case are 

^ 0 ? 

sli^ntly loss than the actual strengths observed. This 
inpliec that there is a slight strengthening over and above 
thac expected merely due to taocIuIus enhancement in each 
case. The increase is probably attributable to flaw size 
limita/bion and/or to strengthening due to induced thermo- 
mechanical compressive stresses created during casting. 

In the silver series, i'he Young's Modulus of the 
base glass fibres is ob-bainod as 'v 10 mpsij whereas 
tliat of silver (hand drawn) i'’ reported to be 11.24 mpsi. 

Uo appreciable mod'ulus enhr.ncement is therefore expected, 
and observations tally with this fact. The tensile strengths 
of fibres in this series arc lower than those of the corres- 
pondiiig base glass. Optical laicroscopic evidence shows 
the cx-ystalline phase in suc'> fibres to be in the form of 
slxrp streaks along the fib:r' axis and strength decrease 
could be because of stress concentrating effects associated 
xfith such streaks. 

Tn all cases, Accutron measured fibre diameter give 
values of strengths and Kodulii which are reasonably close to 



litciv.fcurc values for the IzinJ of compositions studied,^ 
keepin:^ in mind the fact tJiat none of the fibres were 
coated uith a sisln£; asent. Optical microocouic meaBuro- 
ments of fibre diameters (in air) give rise to a largo 
error in the UTS and E values. This is because of the 
fact tljat diffraction bands are included in the measured 
diametej's. In all cases, vs due a of UTS and J ^s obtained 
by using the optical microscope are about 1.4 - 2.0 times 
lower than those obtained from Accutron diameters^ for the 
range of fibre diameters used here. 

The percentage decrease in the strength of fibres of 
gl&ss 9 when a 5.0 cm gage length is used instead of 2.0 cn 
gage length is about 36,5 percent as against 19 percent for 
fibres of ^aas 7 . This implies that the effect of flaw 
density in metal containing g^-O-ss fibres is not as signifi- 
cant as it is for the non-metal containing base glass 
fibres. 

5 . 5 Ikintu re Mo du lus, a nd Young ' s_ Modul u s in Bond ing for 
UuTk^ Glass ; ^ 

The Rupture Moduli! end Uoung's Moduli! lii bendin; for 
tho Bismuth containing glasses are hi^er than the correspond- 
injg values for the base glasT, Hore ag'aiUjf strength incre-.co 
is attributable to modulus oixlmncesaent and 'co flaw size 
limitation and/or thermomeob-tnical stresses. 



Yoiir.^’'s Moduli! in l)endin,:;; of rls-sses in tLe silver.’ 
ssrxi-vj do .not show anjr approcia.ble increase over that for 
the hasu glass, as is expected. In this ca.se the increase :.n 
Bupture xlodulus over tliat of the base glass is not due to 
modulus enhancement, but can be attributed to fla*u size 
limitation, Fracture surfoce replicas for glasses 6 and 7 
boar out this fact. 

fhe Young's Ilodulij. in p-pt. bending have been obtained 
froia stress-strain values and not from the expression (11 ) 

E = (11) 

(?,L,bjand d have the same meaning as in equation (10) and 
y is the deflection of the sample corresponding to a given 
load P), 

used b^/ Hing and McMillan^^^^ in a similar experiment. 
value?; when calculated using ilie above expression were found 
to be an order of magnitud : lower than the expected values. 
This is probably due to tho fact that the jig also takes 
up some strain and the deflection y when calculated from 
factors like Cross-Head speed, chart speed and distaone 
moved by chart from zero load to the breaking loadj is not 
the actual deflection of the sample. Values of y arc thus 
overestimated giving very low vaJ-ucs. 



AO 


O'-iraia gages were therefore used on the samples to 
;aoasur3 the maxinuio strain in the sample (i.e. strain 
gages -re positioned on the surface at a point Just 

below the middle bar of the "hot, bending apparatus), and 
was calculated from the stress-strain curve. This method 
proved much better but because the strain gage cement used 
was a little old , slightly high Bj^ values were obtained 
and the results had to be calibrated with respect to samples 
of 'A' and 'O’ glasses with the same level of strain. 

5 • 4 h-R= iy Diffraction Anal^J^sis ; 

Values of djj^j and l/l^ for bulk glasses o and 7 are 
in very close agreement with those for silver. In the case 
of fibros of glass 7, ^^jcl t®.tch well, but the 

l/lj^ values do not. 

Some of the values for caloium magnesium silicate 

and Akerraanite also come fairly close to those obtained from 
the glass samples. The ASTM data for caloium magnesium 
silicate (and Akeimenitc) have been obtained using Co 
radiation whereas Cu radiation was used for the glass 
samples. It is, therefore, possible that calcitra magnesium 
silicate is also present in these glasses. The supposition 
is fiu’ther borne out by the fa.ct that this phase is known, to 
commonly occur in CaO-MgO-SiOg based glasses and that silver 
is known to act as a nucleating agent for the growth of various 
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The fact thc.t only Glasr. 7 fibres ^avc (^3.f fraction 
peakc is probably because orJ.y 50“60 percent of fibres of 
glasses 5 and 6 were seen jc contain crystalline streaks, 
■^rlierecf! in glass 7 every fibre showed the stro^’ko. In spite; 
of the fact that it bas the nazimum nuaber of streeks, 


fibres of glass 7 still show the highest strength vair-es 
among the three silver contoJ.ning glass fibres and this is 
explainable on the basic of the fact that ttic strop ;s in 


glass 7 fibres are longer and more continuous throughout 


the length of the fibre. 



Optical microscopic evidence show buXe .losses C and 7 
and fibres of glasses 5, 6 and 7 to bo crystallised. 

PvVerage po.rticle size in glasses 6 and 7 is about 20 P-ni 
and the percent volume of crystallization is roughly 48. 
Particles are not quite spherical snd are also quite large 
in size, which accounts for the relatively low Rupture 
Moduli! observed here as compared to values reported for 
various glass ceramics. Rupture Moduli! are however a little 
higher than that of the base glass. 


fhe relatively high volu’ao fractions obtained here 
can be explained on the basis of the fact tb'-.d the cry'taljhnc 
phase is not silver alone but also includes calciuo mr^gnesiom 


silicate 
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In the glass fihre.'^’^ Lho crystalline phase is observed 
£!.s longis'’'. streaks because it is getting extruded along the 
fibre axis during the drawing process. 

5 . 5 i nri Studie s for Qhar actoriza tion of the Micro structure of 
Qlas s e s and Gla s a ?ib r es ; 

Ihc micro-structure in bismuth containing glasses and 
glass fibres, as revealed bj- lEM consists of a distribution 
of dork snheres in the glass3r n. trix. These spheres act as 
b£ rriom to crack propagation and marginally increase the 
length of the crack front, thereby raising the stress 
required to propagate the cra.ek. The slight increase in 
strength over and above that duo to modulus enhancement 
alone could be explained by this model. 

The relatively high volume fractions observed in some 
cases are explainable on the basis of the work of Chakravorty, 
Vithlani and Mehta who established that the dark spherical 
regions in Bismuth glasses contain some Alkali ions in 
addition to Bismuth. The spherical phase in such cases 
is thus rich in Bismuth hut does nof consist solely of 
Bismuth . 

S.A.D. photographs of Bismuth containing glasses and 
fibres were analysed. Some of the d ^^-j values obtained 
are in fairly close agreement with the corresponding d ^^., 
values for Bismuth. Analysis of one such tjrpical BkD pattern 
is ixio?nded in the tables. 
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The mean free paths for crack propagation in Bisnuth 

glasses and glass fibres wore calculated from bhe particle 

sizes and volume fractions of the dispersed sphorioal phase, 

Bor both bulk glasses and glass fibres, the strength is 

seen to increase when the rioan free path decreases, (Table 5 . 11 ). 

A plot of fl/x versus UTS for Bismuth containing fibres 

is shown in the Big. 5.61. Two straight lines can be 

drawn as shown; in accordance with Hassolman and Btarath's 

theory. The plot is not very reliable as strength values 

for fibres have a fairly wide scatter and their average 

value has been used in the plot. Again, only four data 

points aro there and many more are actually ..'required to 

draw a reliable plot of this kind. An idea of tho order of 

surface energy can be obtained however. Using the expres- 

Sion, V = Tt(slope) /E and a value of E = 5.3 mpsi, 

the surface energy for uncoated Bismuth containing fibres 

2 

is obtained to be 2676.5 Ergs /cm . 

The trend of increasing strength values with decreas- 
ing mean free path was also observed in the Bismuth contain- 
ing bulk glasses. In this series, strengihs are in tho 
order: Glass 1 > Glass 2) > Glass 4 > Glass 8 anc mean free 
paths are in the inverse order. The amounts of added 

to glass batches 1,2 and 4 during the glass melting aro 
respectively 3,5 and 10 molo percent. The actual percent 
volume fractions of spheres in these glasses are however, 
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about 425 34 ?-nd 25 roDpectivoly. The amouiib of Bisuuth 
in tlio glaso is thGrefoi’o, Oonendant not on tho starting 
composition of tho glass alone, but also on othor factors 
sucl .IS the casting teuperaturo, and time for which tho 
glass raelt was kept at diffci'-cnt temperoturcr . 


The Young's Moduli! of 3isnuth fibres follow the 


seauerco; E 


Glass 4 


> h 


G-lass 2 


"'Glass 


1. The volume 


tions as calculated from TEII photographs arc in the sequence 

*Glass 2 ^ *^Glass 4^ *** Glass 1^ Glass 3‘ moc ulus 

of glass 4 fibres is higher tliani that for fibres of glass 2 , 

oven though the volume fracti'Ui of spheres in glass 4 fibres 
is a little lower -liian that for glass 2 fibres. This could 
be atbributed to the fact that there is a largo amount of 
inter connected dispersed phase in Glass 4 fibres. 

For bulk Bismuth glasses, Moduilii are in ihe sequence 

^^glasB 4 ^ ®glass !=■ \laBS 2> fractions 

In tho order 2 ‘ Vass 4" '' 

seen to have both largo isolated spheres and very fine 
interconnected particles. Yolumo fractions have been calcu- 
lated. for the largo spheres but the modulus value would 
seem to be better explained had the intcrconnocted phase 
been considered. 
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In the silver sorie''^ the ahovo hind ol anal/crs 

is nc'j possible as in sone cases, volume fractions are not 
estiLia table from the photo prapha. Particle cliE’pes a ''‘0 also 
seen to be aphericE.l in some ISI'I photographs out ii-rec^ila^* 
in ochers and the expression for mean free ]?ath used here is 
valid for a uniform distrlbnbion of spherical particles. 
Pibrea in this series generally aliowed patchy microstruc tii e. 
in Ihl'I and no idea of the volume frcvction could be obtained 
from these. 

5 • 7 Prac tu re S ur face Replic as; 

In the ideal Griffith system, the condition for 
frEi-c'fcure is reached when the increase in surface energy- 
resulting from a small extension of the crack is balanced 
by the release of elastic energy in the body surrounding 
the crack,* and the elastic system under stress passes from 
tho unbroken to the broken state by a process involving a 
continuous decrease in the potential free energy. 

Tor any single frac-triro crack, foil offing the attainment 
of the criterion of fneturo, the release of elastic enevgr 
must then be in excess of ti^at represented by the surface 
energy of the advancing crack. This energy must be absorbed 
in some manner, for example, by some augmentation of the 
surface area of the crack. This characteristic is found 
in different degrees in various -t^rpes of fracture. Surface; 
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aujiaentation. in some cases ua.!tes the form of an increased 
surface- rouglmess. This rou^liness is very pronounced in 
ihe jic;taD. contaiiiiiig glasses as compared to the*^ in the 
hase ,;lassGS as is seen in tho 2 >hotographs 4.701 to 4.708. 

Another chars-c ';eristic feature of the interaction ox 
p, ora-'- fxant with dispersed obstacles are the fracture ‘steps’ 
at the rear of the obstacles. Ihese are seen in photograrns 
4.705 and4,710. These steps he.ve been explained by Lan-re 
as arising from the fact thrt the crack from is pinned 
down by the obstacles and pi" "L-O same time it tries to 
break away by bowing out from be-tween the pinning positions, 
blien the crack front juS": breaks away, its arms meet at 
tho rear of the obstacle, lea-^ng these steps. 

Ho such steps are observed in replicas of the non me'l'pl 
containing or base glasses. 
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G-lass Casting Annealing 'I'emperature lemperature litre winaing mameter 

temperature temperaxure at top of at Bushing bpeed Hange of 
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^1. So. 


(rlass 


1 


1 


2 


2 


3 

4 

5 

6 

7 


3 

4 

5 

6 

7 


8 


8 


/ 

9 


9 


47o°0 

470^0 

50U^C 

477. 5°C 

55u°C 

57o°C 

590°C 

497°C 

618°C 


Table 4.1. Glass Transition Temperatures of Glasse 
1 to 9. 
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T »7 
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CO:fCLUSIOI'S 


'^ho following coiiclusiono cm bo drawn fron iliis 

study; 

1. Uisnuth. and silver can be incorporated fairly easily 

'V\cVtfH,A 

into xhe glass matrix, during tn. ®ttisi 0 id£»ig process itself. 

2. Pibros can be drawn ’"itlrou: much difficulty from all 
the nine compositions. 

3. All the metal containing glasses and glass fibres 
have a cystalline phase as is evident from TE>I, Optical 
Microscope and x-ray diffraction studies. The crystalline 
phs.,:e is Sismuth in the case of the Bismuth containing 
glasses and glass fibres and is silver and calcium magnesiuja 
silicate in the silver series of glasses and fibres. The 
base glasses show no evidence of c-ny crystalline phase. 

4. The micro-structure i1^ bismuth containing glasses and 
glass fibres consists of a distribution of dark spheres in 
the glassy matrix. The sphe-res do not consist solely of 
Bismuth but probably contain sorre Alkali ions as well. Feeble 
diffraction spots are obtainable from liiese spheres and 
intense spots are obtained on subjecting the spheres to electron 
boiaT>arc[msnt in the TEH. Diffraction spots are more intenso 

in patchy regions. 



In the silver anf ^lass fibres, -he ci*/,':talli-'- - 

phase is not always spherical in shape. Here GAD is obcain.jd 
from both spherical and patchy regions. 


5. Onbical microscot)ic evidumeo shows glaooLS f ^nd 7 

and glass fibres 5, 6 and 7 to be crystallised. Th crys- 
talline phase is relatively coarse grained but unif ornl:' 
distributed in glasses 6 and 7 and is not quite spherical 
in Bhapa, 


In glass fibres 5, 6 and 7 the crystalline phase 
shows up as streaks along the fibre axis. 

6, DIA studies show that tbo introdiiction of AgpO 

Bt.^O into the corresponding base glass coranositiona r ■'sui ts 
in a lowering of the glass transition temperature. 

The lowering is more for the silver glasses than for 
the Bismuth ones. 

^Phese Eoxides probably act as network modifiers and 
render the glass network less rigid. 

7. The tensile strengths and Toung's Kodulii of Bismuth 
containing glasses and glass fibres arc hi^or than the 
corresponding values for the bes'j glass, Stron :t '-cnir.^ i^ 
attributable mainly to modulus ixshi:.nGv.mcnt and flaw size 
li'aitation, PtUpturo Modulii of silver containing glas^'^i-* 
are hirher than those of the bus., glass. Hor-j, there is no 



nodula'3 eiJianc omont and strcniJ'caOiiiiig is duu Ecinly ti 
flaw sii.G limitation and may uu in a certain nco'ru.r'- to 
indue 3d tli-rmO'-mochajaical comyrosoivc stressae. 

Strengths of silver containing glaso fibroc are 
lower th.in those of the base glass fibres. This is because 
the pointed shape of the crystalline phase in thesu fibres 
leads so stress concentrating effects. 

8. fhe effect of flaw dcnsx-:y and the 'siSv, effect' iri 
metal containing glass fibres ie much less than that in tne 
base glass fibres. 

9, fracture surface replicas of metal containing glasses 
show a much higher degree of surface roughness than those 
of the base glasses. Beplicas of glasses 6 and 7 also show 
fracture steps } which are a clvur indication of Inie fact 
fba. t tho crack front is intoraciing with the disjt^TB&d 
'particles. 
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